A mass spectral method is described for the detection and identification of unusual nucleotide residues present in DNAs. Analysis by this method of intact, underivatized DNA from salmon sperm, calf thymus, mouse L-cells, wheat germ, M. lysodeikticus, E. coli, and the bacteriophages OX-174, fd, and lambda, yields diagnostic ions for the four common components of DNA as well as characteristic ions for 5-methyldeoxycytidine residues. The spectrum from T2 DNA contains ions indicative of 5-hydroxymethyldeoxycytidine and 5-methyldeoxycytidine components but no ions corresponding to deoxycytidine residues.
lambda, yields diagnostic ions for the four common components of DNA as well as characteristic ions for 5-methyldeoxycytidine residues. The spectrum from T2 DNA contains ions indicative of 5-hydroxymethyldeoxycytidine and 5-methyldeoxycytidine components but no ions corresponding to deoxycytidine residues.
The DNAs of phages fd and Ox-174 also display ion products indicative of N6-methyldeoxyadenosine residues. Additional series of ions in the spectra of all four bacteriophage DNAs suggest the presence of 5-substituted deoxyuridine residues. The detection method exhibits considerable sensitivity in that amounts of DNA as low as 0.01 A260 m units can be used in the analysis, and thus, the procedure should prove of some value in the detection and location of modified components in specific regions of the various genomes by analysis of the appropriate endonuclease restriction fragments. INTRODUCTION It has been demonstrated previously that intact DNA or polydeoxyribonucleotides can be subjected to mass spectrometric analysis without prior derivatization or chemical or enzymatic hydrolysis (1, 2) . When a polydeoxyribonucleotide is exposed to the pyrolytic and electron impact conditions of the mass spectrometer, the primary fragmentation process involves cleavage at the phosphodiester bonds linking the nucleotide residues. Subsequent fragmentations result in ion products which are diagnostic for the common nucleotide components of the polynucleotide (3, 4) . The general scheme proposed for the mass spectral fragmentation together with the suggested structures of the ion products are outlined in Figure 1 . Ion a is considered to be the first volatile product that is released from the polynucleotide chain and, thus, is susceptible to electron impact, which fragments the molecule to the purine or pyrimidine base and to methylfuran. Subsequently, ions b and c are formed through the attachment of one or two methylfuran moieties to ion a (3, 5 Figure 1 . Proposed scheme for the electron impact and pyrolytic fragmentation of polydeoxyribonucleotides.
group of the base (presumably through a phosphoramidate linkage) and this ion only appears in spectra of nucleotides that contain a free exocylic amino group (3). The purine or pyrimidine base fragment and the ion types a, b, c, and d, are specific for each of the common deoxyribonucleotide residues found in DNA and they have been used to yield sequence information in a novel method for the ordering of nucleotides in oligodeoxyribonucleotides (3, 4 Mass Spectral Analysis. Solutions containing 0.01 to 1.0 A260nm units of the compounds were introduced into capillary sample tubes and taken to dryness in vacuo in a desiccator containing P205. The samples were introduced into the spectrometer (DuPont 21-490 B) by direct probe, slowly heated to about 2500, and, the analysis was carried out at 70 eV, 3 X 10 6 Torr, source temperature, 2000. Spectra were recorded at the point at which the maximum number of ions were generated as indicated by the ion monitor. ions that can be used to detect the four common nucleotide components of DNA.
The mass values for these diagnostic ions are listed in Table I . The corresponding ion types appear in spectra of unusual nucleotides such as deoxyinosine 5'-phosphate or 5-methyldeoxycytidine 5'-phosphate (Table I) (Table I ) that the ion mass values deriving from a 5-methyldeoxycytidine residue are distinct from those originating from a cytidine moiety, and, although the values of the modified residue differ by only one mass unit from those ions generated from a thymidine residue, the presence of the ion type d serves to further distinguish the two residues since this ion cannot be formed from thymidine. By analogy with these results, the expected values for the ions from N6-methyldeoxyadenosine and 5-hydroxymethyldeoxycytidine residues can be calculated (Table I) . For all of the nucleoside residues, the ion types a, b, and c have particularly useful diagnostic value because their peaks fall in the higher mass range of the spectrum and consequently are not masked by the numerous ions that appear in the lower mass region of the spectrum. Furthermore, these ion species have intensity values that permit them to be distinguished from the spectral background even when the ions are derived from minor components of the DNA.
Detection of 5-methyldeoxycytidine residues in DNA. 5-Methylcytosine is known to be present in the DNAs of numerous members of the animal and plant kingdoms (9) , and the mass spectral analyses of DNAs of some representative species clearly indicate the presence of this minor The spectra of bacterial DNA from E. coli ( Figure 7 ) and M. lysodeikticus (Figure 8 ) also display the ions that are indicative of this minor residue. As a control, analyses on the same quantities of the synthetic polynucleotides poly(dA.dT) ( Figure 9 ) and poly(dI-dC) (Figure 10 ) yield only the expected peaks for dA, dT, dC, and dI (Table I) The mass spectrum of bacteriophage T2 DNA ( Figure 11 ) is of particular interest because this DNA is known to have all of its deoxycytidine residues hydroxymethylated (13) . The spectrum of T2 DNA exhibits none of the diagnostic ions that originate from deoxycytidine residues (Table I) , but rather, the expected values for ions deriving from 5-hydroxymethylcytidine residues (Table I) . The results from this particular DNA emphasize the validity of the mass spectral detection method since they qualitatively confirm the findings of the chemical composition studies on the DNA. Mass spectra of DNAs from bacteriophages fd. lambda, 0X-174, and T2.
The spectra derived from the four bacteriophage DNAs are strikingly different from those discussed above in that they are much more complex and indicate the presence of several different minor purine and pyrimidine components. The spectra of fd DNA (Figure 12 ), lambda DNA ( Figure 13 ) and 0X-174 DNA (Figure 14) show the diagnostic ions for the four common components as well as a number of additional ions. Some of the more prominant members of the latter class are listed in Table II 5-methyldeoxycytidine residues appear in all four viral DNAs, whereas ions representative of 5-hydroxymethyldeoxycytidine residues appear only in the T2 DNA. Ion products that have mass values corresponding to those which could originate from M6-methyldeoxyadenosine residues (Table I) can be observed in the spectra of the DNA from fd and 0X-174 (Table II) . This modified residue has already been reported to be present in some viral DNAs (9, 14) . All four DNAs show two series of ions (Table II) that could be characteristic of substituted deoxyuridine residues. While there is at present no firm evidence that these ion products actually derive from such types of modified nucleosides in these DNAs, a possible explanation for their presence is that they arise in the one case from 5-carboxymethyldeoxyuridine residues and, in the other, from 5-(4',5'-dihydroxypentyl)deoxyuridine residues. For example, the ion at m/e 170 corresponds to the parent ion for 5-carboxymethyluracil (15) , and the ions found at m/e 250 and 330 are the values expected for ion types a and b derived from the corresponding nucleoside. With regard to 5-(4',5'-dihydroxypentyl)deoxyuridine residues, Brandon et al. (16) have reported that, in the bacteriophage SP-15 of B. subtilis, about 43% of the thymidine residues are replaced by this modified component. In determining the structure of the pyrimidine base derived from this modified nucleoside, these investigators showed that its mass spectrum contained a parent ion at m/e 214 (in low abundance) with major fragment ions at m/e 128, 153, and 183. The same series of ions appear in the spectra of the four bacteriophage DNAs in this study (Table II) In the spectra of the four phage DNAs there are a number of other series of ion products that appear to correspond to the a, b, and c pattern, and these are currently under investigation.
CONCLUSION
The results of this investigation demonstrate that minor residues such as 5-methyldeoxycytidine, 5-hydroxymethyldeoxycytidine, and N6-methyldeoxyadenosine in DNAs can be detected and identified by mass spectral analysis of the intact, untreated DNA. It will be necessary to carry out further studies on a number of DNAs as well as model nucleotides to provide reliable identification of other modified components. Such studies will be carried out on the DNA of the bacteriophage SP-15 of B. subtilis, mentioned above; the DNA of Pseudomonas acidovorans in which about 50% of the thymidine residues are replaced by 5-(4-aminobutylaminoethyl)deoxyuridine residues (17); bacteriophage PBS2 DNA in which all of the thymidine residues are replaced by deoxyuridine residues (18) , and bacteriophage Oc DNA in which 5-hydroxymethyldeoxyuridine replaces the thymidine residues (19) . In view of the sensitivity of the method, it will also be necessary to consider the possibility of contamination of such bacteriophage DNA by host DNA and thus, analyses of both host and viral DNA should be performed. Furthermore, it will be advantageous to define the limits of sensitivity of the method for the detection of minor components in DNA. With regard to this aspect, further study on the bacteriophage 0X-174 should prove of interest since it has been reported (20) that DNA from a lysis-defective mutant of phage OX-174, am3, contains a single 5-methyldeoxycytidine residue per DNA molecule and that this residue is located in a specific region of the 0X-174 genome, very likely in gene H. It should be possible to confirm this conclusion by a mass spectral study of this DNA and its endonuclease restriction fragments.
Mass spectrometry has been used previously to detect minor nucleosides in DNA (21) ; however, the method differs markedly from the one described here in that it involves hydrolysis of large quantities of DNA, a series of manipulations for the preparation of the hydrolysate prior to derivatization, subsequent trifluoroacetylation, and, in some cases, the introduction of the sample into the mass spectrometer via gas chromatography. An attribute of the method is that exact mass values for the derivatized minor nucleosides can be obtained from the high resolution spectra and, thus, the method is of particular value for confirmatory purposes. ACKNOWLEDGEMENT This investigation was supported by National Science Foundation Grant No. BMS-74-22213.
